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Abstract
Introduction Controlled mechanical ventilation (CMV) induces
profound modifications of diaphragm protein metabolism,
including muscle atrophy and severe ventilator-induced
diaphragmatic dysfunction. Diaphragmatic modifications could
be decreased by spontaneous breathing. We hypothesized that
mechanical ventilation in pressure support ventilation (PSV),
which preserves diaphragm muscle activity, would limit
diaphragmatic protein catabolism.
Methods Forty-two adult Sprague-Dawley rats were included in
this prospective randomized animal study. After intraperitoneal
anesthesia, animals were randomly assigned to the control
group or to receive 6 or 18 hours of CMV or PSV. After sacrifice
and incubation with 14C-phenylalanine, in vitro proteolysis and
protein synthesis were measured on the costal region of the
diaphragm. We also measured myofibrillar protein carbonyl
levels and the activity of 20S proteasome and
tripeptidylpeptidase II.
Results Compared with control animals, diaphragmatic protein
catabolism was significantly increased after 18 hours of CMV
(33%, P = 0.0001) but not after 6 hours. CMV also decreased
protein synthesis by 50% (P = 0.0012) after 6 hours and by
65% (P  < 0.0001) after 18 hours of mechanical ventilation.
Both 20S proteasome activity levels were increased by CMV.
Compared with CMV, 6 and 18 hours of PSV showed no
significant increase in proteolysis. PSV did not significantly
increase protein synthesis versus controls. Both CMV and PSV
increased protein carbonyl levels after 18 hours of mechanical
ventilation from +63% (P < 0.001) and +82% (P < 0.0005),
respectively.
Conclusions PSV is efficient at reducing mechanical
ventilation-induced proteolysis and inhibition of protein
synthesis without modifications in the level of oxidative injury
compared with continuous mechanical ventilation. PSV could be
an interesting alternative to limit ventilator-induced
diaphragmatic dysfunction.
Introduction
Controlled mechanical ventilation (CMV) has been shown to
induce muscle atrophy and to alter diaphragm contractile
properties [1-6], leading to early and severe ventilator-induced
diaphragm dysfunction (VIDD) that has been implicated in
weaning failure [7,8]. Although weaning failure may be due to
numerous factors, diaphragm dysfunction induced by mechan-
ical ventilation (MV) probably plays an important role. Indeed,
animal studies reveal that 18 hours of CMV results in diaphrag-
matic contractile dysfunction and atrophy [9]. Moreover, the
combination of 18 to 69 hours of complete diaphragmatic
inactivity and MV results in marked atrophy of human dia-
phragm myofibers [1].
The mechanisms of VIDD have not been fully elucidated. Mus-
cle atrophy, oxidative stress, and structural injury have been
documented after CMV [7]. Muscle proteolysis is a highly reg-
ulated process accomplished by at least three different
14C-Phe: 14C-phenylalanine; AAF: alanine-alanine-phenylalanine; AMC: 7-amino-4-methylcoumarin; CMV: controlled mechanical ventilation; DNPH: 
2,4-dinitrophenylhydrazones; DTT: dithiothreitol; FiO2: fraction of inspired oxygen; LLVY: leucine-leucine-valine-tyrosine; MV: mechanical ventilation; 
PSV: pressure support ventilation; TCA: trichloroacetic acide; TPPII: tripeptidylpeptidase II; VIDD: ventilator-induced diaphragm dysfunction.Critical Care    Vol 12 No 5    Futier et al.
Page 2 of 9
(page number not for citation purposes)
proteolytic systems: the ubiquitin-proteosome pathway, the
Ca2+-dependent system, and the lysosomal system. All three
proteolytic systems have been shown to be implicated in the
increased diaphragmatic proteolysis observed after CMV, as
indicated by changes in the gene expression profile of several
proteolytic enzymes [10]. Muscle atrophy is not due only to an
increase in proteolysis. Shanely and colleagues [11] have
shown that CMV induced a rapid decreased synthesis of dia-
phragmatic mixed muscle protein and myosin heavy chain pro-
tein. Indeed, within the first 6 hours of MV, mixed muscle
protein synthesis decreased by 30% and myosin heavy chain
protein synthesis decreased by 65% [11].
MV-induced oxidative stress is also an important contributor to
both MV-induced proteolysis and contractile dysfunction.
Indeed, Shanely and colleagues [2] have shown that MV is
associated with a rapid onset of protein oxidation in diaphragm
fibers. This is significant because oxidative stress has been
shown to promote disuse muscle atrophy [12] and has been
directly linked to activation of the ubiquitin-proteasome system
of proteolysis [13]. The precise contribution of each factor to
the development of VIDD and their kinetic of apparition has yet
to be defined.
Although it was demonstrated that CMV exerted several dele-
terious effects on the diaphragm, only few protective counter-
measures have been developed to minimize CMV-induced
diaphragm dysfunction and atrophy. Administration of the anti-
oxidant Trolox has been shown to prevent CMV-induced dia-
phragm contractile impairments and to retard proteolysis [14].
Administration of the protease inhibitor leupeptin concomi-
tantly with MV prevented the apparition of VIDD in rats after 24
hours of MV [15]. Intermittent spontaneous breathing during
the course of CMV has been shown to protect the diaphragm
against the deleterious effects of CMV [16].
In clinical practice, spontaneous breathing increases work of
breathing and patients often need positive pressure ventilation
to improve gas exchange [17]. The spontaneous breathing
period during CMV is not always the best issue for critical care
patients. In contrast, pressure support ventilation (PSV) is effi-
cient for patients with acute respiratory failure and/or chronic
obstructive pulmonary disease, even if they are anesthetized
[18-20]. PSV allows diaphragmatic activity with positive pres-
sure ventilation [21,22]. We hypothesized that PSV-associ-
ated preservation of respiratory muscle activity would induce
less diaphragmatic catabolic damage as shown by modifica-
tions of proteolytic and protein synthesis activities and oxida-
tive injury.
Materials and methods
Animals and experimental design
This study was performed in accordance with the recommen-
dations of the National Research Council's Guide for the Care
and Use of Laboratory Animals [23]. This experiment was
approved by the University of Clermont-Ferrand animal use
committee. Forty-two adult male Sprague-Dawley rats (250 g)
were individually housed and fed rat chow and water ad libi-
tum and were maintained on a 12-hour light/dark photoperiod
for 1 week before initiation of these experiments. Animals were
randomly assigned to 6 or 18 hours of CMV or PSV with 21%
O2 (Figure 1). All surgical procedures were performed using
aseptic techniques. After reaching a surgical plane of anesthe-
sia (sodium pentobarbital, 50 mg/kg of body weight, intraperi-
toneal), animals were weighed and tracheostomized. The
jugular vein was cannulated for the infusion of saline and
sodium pentobarbital (5 mg/kg of body weight per hour). Body
fluid homeostasis was maintained by administration of 2 mL/
kg per hour intravenous electrolyte solution. The carotid artery
was cannulated for measurement of arterial blood pressure,
pH, and blood gas tensions (GEMpremier-3000 system;
Instrumentation Laboratory, Lexington, MA, USA). Heart rate
and electrical activity of the heart were monitored via a lead II
electrocardiogram using needle electrodes placed subcutane-
ously. Throughout the ventilation period, animals received
enteral nutrition (via a nasogastric tube) using the AIN-76
rodent diet with a nutrient composition of proteins, lipids, car-
bohydrates, and vitamins which provided an isocaloric diet
(Research Diets, Inc., Brunswick, NJ, USA). Body temperature
was monitored (rectal thermometer) and maintained at 37°C ±
Figure 1
Schematic illustration of the experimental design used Schematic illustration of the experimental design used.Available online http://ccforum.com/content/12/5/R116
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1°C with a recirculating heating blanket. Continuing care dur-
ing the experimental period included expressing the bladder,
removing upper airway mucus, lubricating the eyes, rotating
the animal, and passive movements of the limbs. Animals (both
CMV and PSV) were regularly rotated to prevent atelectasis,
to limit mechanical constraints, and to maintain ventilation/per-
fusion ratio homogeneity.
Protocol for control mechanical ventilation group
Immediately after inclusion, animals were mechanically venti-
lated using a volume-driven ventilator (Rodent Ventilator
model 683; Harvard Apparatus, Holliston, MA, USA) for 6
hours (group 1) or 18 hours (group 2). The tidal volume was
10 mL/kg of body weight and the respiratory rate was 80
breaths per minute, with a fraction of inspired oxygen (FiO2) of
21% but without positive end-expiratory pressure. These ven-
tilatory conditions resulted in complete diaphragmatic inactiv-
ity and prevented noxious effects of a hypercapnia on the
muscular contractile properties [2,3,24,25]. At the end of the
experimental period, each animal was weighed, and the costal
diaphragm was rapidly dissected and frozen in liquid nitrogen.
Samples were stored at -80°C until subsequent assay (except
for samples in which protein synthesis and proteolysis were
analyzed, which were treated as described below). At the
same time, arterial blood was obtained for culture.
Protocol for pressure support ventilation group
Animals were also anesthetized and mechanically ventilated
for 6 hours (group 4) or 18 hours (group 5) as described
above (model PSV ventilator DARHD01; IFMA, Aubière,
France). The level of pressure support applied, determined
during preliminary studies, allowed a minute volume of 200 ±
10 mL/minute (respiratory rate of 80 ± 10 breaths per minute
and FiO2 of 21%). The range of pressure support used was 5
to 7 cm H2O. The ventilator had a pressure trigger. The expir-
atory trigger was fixed at 25% of peak inspiratory flow, and the
maximum inspiratory time was set at 1 second. The ventilator
did not have back-up ventilation. If the animal was not trigger-
ing, no pressure was released. Continuing care during the
experiment was also applied as above. At the end of the exper-
imental period, the costal diaphragm was rapidly removed, dis-
sected, and frozen in liquid nitrogen. Samples were stored at
-80°C.
Protocol for control animals
Control animals (group 3) were free of intervention before
inclusion (not mechanically ventilated). These animals were
anesthetized and their diaphragms were rapidly dissected, fro-
zen, and stored at -80°C until subsequent assay. Because of
the biochemical constraints (variability of the solutions of
Krebs-Henselheit), each day of experimentation required a
control animal.
Tissue removal and storage
At the appropriate times (6 or 18 hours), the entire diaphragm,
costal and crural, was removed, dissected, and weighed. All
biochemical studies were conducted using the costal region
of the diaphragm. Samples were rapidly frozen in liquid nitro-
gen and stored at -80°C until assay.
Biochemical assays
Measurement of protein turnover in vitro
Proteolysis and protein synthesis were measured on the costal
region of the diaphragm (approximately 250 mg). Diaphrag-
matic protein synthesis was evaluated by measurement of 14C-
phenylalanine (14C-Phe) incorporation into diaphragm strips
as described previously by Tischler and colleagues [26]. Dia-
phragmatic protein breakdown was measured by evaluation of
the rate of tyrosine release from diaphragm samples according
to the fluorimetric method of Waalkes and Udenfriend [27].
The rationale for this technique is that tyrosine is neither syn-
thesized nor degraded by skeletal muscle and is suited as a
marker of whole protein degradation [26]. Diaphragm samples
were quickly removed from each experimental animal and pre-
incubated at 37°C in Krebs-Henselheit bicarbonate buffer
equilibrated with 95% O2 and 5% CO2, containing 5 mM glu-
cose, 0.2 U/mL insulin, 0.17 mM leucine, 0.10 mM isoleucine,
and 0.20 mM valine to improve protein balance [26]. After a
30-minute preincubation period, muscles were transferred to
a fresh medium of similar composition but containing 0.5 mM
14C-Phe (Amersham Corporation, now part of GE Healthcare,
Little Chalfont, Buckinghamshire, UK) to measure the rate of
protein synthesis. The muscles were incubated for an addi-
tional 1-hour period. The rate of protein synthesis was deter-
mined by incubating muscles in a medium containing 0.5 mM
14C-Phe with a specific radioactivity in the medium of 1,500
disintegrations per minute per nanomole as described previ-
ously [28]. Tissues were homogenized in 10% trichloroacetic
acid and hydrolyzed in 1 M NaOH at 37°C. Tissue protein
mass was determined using the bicinchoninic acid procedure
[29]. Rates of phenylalanine incorporation were converted into
tyrosine equivalents, as described previously [26], and
expressed as nanomoles of tyrosine incorporated per milli-
gram of muscle per hour. Muscle protein content was meas-
ured according to the bicinchoninic acid procedure. Rates of
protein breakdown were measured by following the rates of
tyrosine release into the medium. At the completion of the
incubation period, tyrosine concentrations were assayed by
the fluorimetric method of Waalkes and Udenfriend [27]. The
rates of total protein degradation were calculated by adding
the rate of protein synthesis and the net rate of tyrosine release
into the medium [28,30]. Rates of protein turnover were
expressed in nanomoles of tyrosine per milligram of protein per
hour [30].
Measurement of proteasome proteolytic activities
On the controlateral costal diaphragm, proteins from skeletal
muscle samples were homogenized in ice-cold buffer (pH 7.5)Critical Care    Vol 12 No 5    Futier et al.
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containing 50 mM Tris, 250 mM sucrose, 10 mM ATP, 5 mM
MgCl2, 1 mM dithiothreitol (DTT), and protease inhibitors (10
μg/mL of antipain, aprotinin, leupeptin, and pepstatin A and 20
μM PMSF [phenylmethylsulphonylfluoride]). The proteasomes
were isolated by three sequential centrifugations as described
previously [31-33]. The final pellet was resuspended in buffer
containing 50 mM Tris (pH 7.5), 5 mM MgCl2, and 20% glyc-
erol. The protein content of the proteasome preparation was
determined according to Lowry and colleagues [34]. Chymot-
rypsin-like activity of the proteasome and the tripeptidylpepti-
dase II (TPPII) activity were determined by measuring the
hydrolysis of the fluorogenic substrates succinyl-Leu-Leu-Val-
Tyr-7-amino-4-methylcoumarin (LLVY-AMC) and Ala-Ala-Phe-
AMC (AAF-AMC). To measure peptidase activity, 15 μL of the
extract was added to 60 μL of medium containing 50 mM Tris
(pH 8.0), 10 mM MgCl2, 1 mM DTT, 2 U apyrase, and 300 μM
LLVY-AMC or 300 μM AAF-AMC. The activities were deter-
mined by measuring the accumulation of the fluorogenic cleav-
age product (methylcoumaryl-AMC) using a luminescence
spectrometer FLX 800 (BioTek Instruments, Inc., Winooski,
VT, USA). Fluorescence was measured continuously during
45 minutes at a 380-nm excitation wavelength and a 440-nm
emission wavelength. The difference between arbitrary fluo-
rescence units recorded with or without 40 μM of the protea-
some inhibitor MG132 (Affiniti Research Projects Limited,
Exeter, Devon, UK) or 100 μM of the TPPII inhibitor AAF-chlo-
romethylketone (Sigma-Aldrich, St. Louis, MO, USA) in the
reaction medium was calculated, and the final data were cor-
rected by the amount of protein in the reaction. The time
course for the accumulation of AMC after hydrolysis of the
substrate was analyzed by linear regression to calculate activ-
ities (for example, the slopes of best fit of accumulated AMC
versus time). Different kinetics were performed to individually
measure the chymotrypsin-like activity of the proteasome and
the TPPII activity.
Measurement of diaphragm oxidative injury
Myofibrillar protein carbonyl content was determined accord-
ing to Fagan and colleagues [35] with slight modifications.
Briefly, myofibrillar proteins were purified, treated with HCl-
acetone to remove interfering chromophores, and protein car-
bonyl content was then measured using 2,4-dinitrophenylhy-
drazones (DNPH). Following DNPH treatment, samples were
subjected to successive washings with trichloroacetic acide
(TCA) 30%, TCA 10%, and four washes with ethanol/ethylac-
etate (1:1). The pellet was solubilized with 6 M guanidine
hydrochloride and 20 M potassium phosphate (pH 2.3)
through incubation at 50°C during 30 minutes. After centrifu-
gation (800 g for 10 minutes at 20°C), absorbances at 280
and 380 nm were measured on the supernatant to determine
protein and carbonyl content, respectively. Protein content
was calculated using a calibration curve and carbonyl content
using the absorption coefficient 22,000/M-cm.
Statistical analysis
A two-way analysis of variance (StatView®, version 5.0; SAS
Institute Inc., Cary, NC, USA) with time (6 versus 18 hours) as
one factor and modality (PSV versus CMV versus control) as
the other factor was used. When appropriate, a post hoc pro-
tected least squares difference Fisher test was used. Values
are mean ± standard deviation in the text and mean ± standard
error of the mean in the tables and graphs. Statistical signifi-
cance was defined a priori as a P value of less than 0.05.
Results
Systemic and biologic response to mechanical 
ventilation
The principal biologic parameters are summarized in Table 1.
Blood gas/pH and cardiovascular homeostases were main-
tained constant in all animals during CMV and PSV. There
were no significant differences in total body mass between
groups and no group experienced a significant loss of body
mass, indicating adequate hydration and nutrition during the
experimental period (Table 2). All animals urinated and experi-
enced intestinal transit during the experimental period. All
blood cultures were negative for bacteria and none of the ani-
mals demonstrated sepsis signs.
In vitro proteolysis
Compared with control animals, diaphragmatic protein catab-
Table 1
Systemic and biologic response to mechanical ventilation
Biologic parameters Control CMV at 6 hours CMV at 18 hours PSV at 6 hours PSV at 18 hours
pH 7.38 ± 0.02 7.42 ± 0.04 7.40 ± 0.05 7.39 ± 0.02 7.43 ± 0.01
PaO2/FiO2, mm Hg 360 ± 50 380 ± 40 350 ± 30 360 ± 40 370 ± 20
PaCO2, mm Hg 38 ± 3 40 ± 2 38 ± 3 40 ± 5 40 ± 3
MAP, mm Hg 90 ± 10 95 ± 15 97 ± 12 100 ± 10 95 ± 15
Na+, mmol/L 135 ± 2 138 ± 5 135 ± 3 140 ± 5 138 ± 4
K+, mmol/L 4.20 ± 0.1 4.0 ± 0.3 4.10 ± 0.2 3.90 ± 0.3 4.20 ± 0.2
Fraction of inspired oxygen (FiO2) is 21%. CMV, controlled mechanical ventilation; MAP, mean arterial pressure; PaCO2, arterial partial pressure 
of carbon dioxide; ]PaO2, arterial partial pressure of oxygen; PSV, pressure support ventilation.Available online http://ccforum.com/content/12/5/R116
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olism was significantly increased after 18 hours of CMV (33%,
P = 0.0001) but not after 6 hours (Figure 2). There was a 36%
increase in proteolysis between 6 and 18 hours of CMV (P =
0.0003). Compared with CMV, 6 and 18 hours of PSV
showed no significant increase in proteolysis. Moreover, dura-
tion of PSV had no effect on total proteolysis evolution (4.18
± 0.20 and 4.23 ± 0.12 nmol of tyrosine per milligram of pro-
tein per hour after 6 and 18 hours, respectively). Both chymo-
trypsin-like and tripeptydyl-peptidase 20S proteasome
activities were increased after 18 hours of CMV (+50% versus
controls and +45% versus CMV 6 hours). PSV did not
increase 20S proteasome activities, regardless of the ventila-
tion duration (6 or 18 hours).
In vitro protein synthesis
Compared with control animals, CMV decreased diaphrag-
matic protein synthesis by 50% (P = 0.0012) after 6 hours
and by 65% (P < 0.0001) after 18 hours of MV (Figure 3). The
difference between 6 and 18 hours of CMV was 30%, which
was not statistically significant. No variation of protein synthe-
sis was observed during PSV. After 18 hours of MV, CMV
showed a 94% reduction in protein synthesis compared with
PSV (P = 0.0002).
Measurement of diaphragm oxidative injury
Compared with control animals, protein oxidation, measured
by myofibrillar protein carbonyl levels, was significantly
increased after 18 hours of CMV (+63%, P < 0.001) and PSV
(+82%, P < 0.0005) (Figure 4). Myofibrillar protein oxidation
was not influenced by ventilator mode.
Discussion
The major finding of this study, which is the first to compare
PSV with control ventilation, is that, in contrast to CMV, PSV
did not increase diaphragmatic muscle proteolysis or
decrease protein synthesis. Both of these effects have been
shown to occur as a result of CMV-induced muscle atrophy
[2,11]. Finally, our results support the hypothesis that oxidative
injury, though indisputable, is probably not the trigger of CMV-
induced diaphragmatic proteolytic damage and thus of VIDD.
Before discussion of the results, some study limitations must
be pointed out.
Table 2
Body weight of control, pressure support ventilation, and controlled mechanical ventilation groups
Groups Initial body mass, grams Final body mass, grams
Control 253.5 ± 5.4 -
CMV at 6 hours 252.4 ± 4.5 253.5 ± 3.5
CMV at 18 hours 260.2 ± 3.2 258.6 ± 3.5
PSV at 6 hours 255.3 ± 3.8 255.4 ± 3.5
PSV at 18 hours 255.0 ± 3.0 258.3 ± 2.6
CMV, controlled mechanical ventilation; PSV, pressure support ventilation.
Figure 2
In vitro diaphragmatic proteolysis In vitro diaphragmatic proteolysis. (a) Controlled mechanical ventilation 
(CMV) increased total diaphragmatic proteolysis after 18 hours, but not 
after 6 hours, of mechanical ventilation versus control (CON) and pres-
sure support ventilation (PSV). Units in (a) are nanomoles of tyrosine 
per milligram of protein per hour. Both chymotrypsin-like activity (b) and 
tripeptidylpeptidase II activity (c) were increased by 18 hours of CMV. 
Units in (b) and (c) are relative fluorescence units (RFU) per microgram 
per minute. Values are mean ± standard error. *P < 0.05 compared 
with CON group. †P < 0.05 compared with PSV group at 6 and 18 
hours. ‡P < 0.05 compared with CMV group at 6 hours.Critical Care    Vol 12 No 5    Futier et al.
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Anesthetic protocol
The anesthetic agent, sodium pentobarbital, could have
affected the rate of muscle protein synthesis in the diaphragm.
However, both MV and spontaneously breathing animals were
anesthetized with sodium pentobarbital, so comparisons
between groups are valid. Moreover, a previous study has
reported that rats acutely anesthetized with sodium pentobar-
bital do not experience a significant decrease in protein syn-
thesis in skeletal muscle [36]. Additionally, general anesthesia
does not decrease protein synthesis in skeletal muscle in
healthy humans undergoing abdominal surgery [37]. Collec-
tively, these data indicate that protein synthesis is not altered
by anesthesia per se. The influence of continued exposure of
any given anesthetic agent (for example, 18 hours) would be
difficult to separate from the reduced use during that state.
However, the experiments reviewed above [36,37] report nor-
mal rates of protein synthesis in limb-locomotor skeletal mus-
cle during periods of time in which reduced use would not be
expected to have an effect on protein synthesis. These reports
[36,37] indicate that anesthesia does not affect protein syn-
thesis; therefore, the decreased rate of protein synthesis in the
diaphragm during MV is attributable to MV, not to the anes-
thetic as previously reported by several authors [2,4,6,11,38].
Diaphragmatic contraction
Prolonged MV results in diaphragmatic atrophy and contractile
dysfunction in animals. Evaluation of contractile diaphragmatic
properties in PSV and CMV will have been clinically relevant.
This study was not designed to respond to this question and
we discuss only MV-induced diaphragmatic protein altera-
tions. Further studies should focus on this point. Diaphrag-
matic contractions are avoided by CMV at a normal rate (80
cycles per minute). We have not tested this assessment but
several authors have done so previously [4] and used this pre-
viously reviewed paper for a recent study [2,11]. However, this
does not exclude the possibility that the animals were trigger-
ing the ventilator during CMV in the present study. This is a
real limitation of the manuscript.
Kinetics of controlled mechanical ventilation-induced 
protein metabolism alteration
In the present study, we simultaneously analyze the effects of
MV on proteolysis, protein synthesis, and their kinetics. Con-
sistent with earlier findings [2], our results confirm the increase
in diaphragmatic proteolysis after 18 hours of CMV. Although
diaphragmatic proteolytic injury has been implicated in the
genesis of VIDD [7], less is known about modifications in dia-
phragmatic protein synthesis as a result of MV. Muscle atrophy
can result from increased proteolysis [39], decreased protein
synthesis [40], or both. Except for one recent study [11], none
had considered the possibility that diaphragm atrophy associ-
ated with CMV could also result from decreased protein syn-
thesis. We found both increased proteolysis and a time-
dependent decrease in protein synthesis. Moreover, our
results provide information about the probable kinetics of
CMV-induced protein metabolism modifications. Indeed, the
decrease in protein synthesis occurred extremely early (by the
sixth hour of CMV), was worsened by the duration of MV, and
preceded the increase in diaphragmatic proteolysis. It is inter-
esting to note that, in the study of Shanely and colleagues
[11], the results were obtained from the analysis of separate
studies of in vitro proteolysis and in vivo protein synthesis.
However, constant infusion of 13C-leucine, which is used in
the analysis of in vivo protein synthesis, can modify an animal's
protein profile by altering insulin release, on both the tissue
and molecular levels [41], making interpretations between in
vivo and in vitro models difficult. In addition, the nutritional pro-
files of animals can limit the interpretation. Indeed, some
authors have compared the results obtained using fed [2] and
unfed animals, implying a negative protein assessment
[11,41]. On the other hand, in vivo protein synthesis should be
more relevant than in vitro proteolysis as used in our study.
These methodological differences could explain some differ-
ence in the results.
Figure 3
In vitro protein synthesis after 6 and 18 hours of controlled mechanical  ventilation (CMV) and pressure support ventilation (PSV) In vitro protein synthesis after 6 and 18 hours of controlled mechanical 
ventilation (CMV) and pressure support ventilation (PSV). Units are 
nanomoles of phenylalanine (Phe) per milligram of protein per hour. Val-
ues are mean ± standard error. *P < 0.05 compared with control 
(CON) group. †P < 0.05 compared with PSV group at 6 and 18 hours.
Figure 4
Protein-carbonyl content after 6 and 18 hours of controlled mechanical  ventilation (CMV) and pressure support ventilation (PSV) Protein-carbonyl content after 6 and 18 hours of controlled mechanical 
ventilation (CMV) and pressure support ventilation (PSV). Units are 
nanomoles per milligram of protein. Values are mean ± standard error. 
*P < 0.05 compared with control (CON) group.Available online http://ccforum.com/content/12/5/R116
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Pressure support ventilation-induced diaphragmatic 
exercise
Our data showed that PSV limits MV-induced increases in pro-
teolysis and decreases in protein synthesis. Moreover, in con-
trast to CMV, modifications in protein metabolism were not
affected by PSV duration. Because of differences in proteoly-
sis/protein synthesis ratios, we hypothesized that PSV allows
the maintenance of protein turnover. In addition, because CMV
decreased protein synthesis, it is likely that CMV decreases or
completely inhibits protein turnover. These differences in mod-
ification of metabolism may be due to differences in the type of
diaphragmatic muscle damage caused by CMV and PSV.
Indeed, as for peripheral skeletal muscle models, during PSV
the diaphragm is subjected to exercise type activity through an
increase in respiratory activity (versus CMV) [42-44]. This
exercise would protect the diaphragm from modifications
related to muscular inactivity caused by CMV. During CMV,
there is a complete absence of neural activation and mechan-
ical activity in the diaphragm [4,45], which undergoes passive
shortening during mechanical expansion of the lungs [46,47].
This trauma has been implicated in the genesis of VIDD [2,11],
in particular during sarcomere injury [48,49] and during
decreased force-generating capacity of the diaphragm [7,50].
There has been little determination of the types of proteins
implicated in CMV-induced metabolic damage. CMV has been
shown to decrease the rate of mixed muscle protein synthesis
by 30% and to decrease the rate of myosin heavy chain pro-
tein synthesis by 65% [11]. Although our study was not
designed to analyze the type of proteins involved in the reduc-
tion of protein synthesis, it shed new light on the changes in
protein synthesis associated with the conservation of dia-
phragm activity. Further experiments are necessary to deter-
mine the specific proteins implicated in the increased protein
turnover observed with PSV. Our results also confirm that the
20S proteasome is involved in MV-induced proteolytic dam-
age [2,10]. CMV increases 20S proteasome activity in parallel
with the increase in diaphragmatic proteolysis. After 18 hours
of CMV, we observed an increase in the activity of extralyso-
somal TPPII, which degrades peptides generated by the pro-
teasome. Similarly, 72 hours of CMV increased the level of
MAF-box mRNA, which encodes an E3 ligase implicated in the
ubiquitination of proteins targeted for degradation via the pro-
teasome [38]. Together, these findings indicate the impor-
tance of the ubiquitin-proteasome pathway in CMV-induced
diaphragmatic muscle damage and in overall regulation of
muscle proteolysis [51] (as well as the importance of this enzy-
matic system within the skeletal muscle proteolytic machinery
[52,53]).
Is protein oxidation a real trigger?
Little is currently known concerning the triggers or molecular
signals of MV-induced protein metabolism modifications and
muscle atrophy [51,54]. Oxidative injury is induced by MV, and
increased protein oxidation and lipid peroxidation were found
to be associated with CMV [2,55]. Oxidative stress occurs
within a few hours after the start of CMV [9,56] and may play
a central role in the pathogenesis of CMV-induced diaphrag-
matic atrophy [7]. Oxidized proteins are associated with
increased proteolysis, which generates muscle atrophy and
dysfunction [57,58]. Because PSV does not increase proteol-
ysis (contrary to CMV) or decrease protein synthesis, it is likely
that PSV causes less oxidative injury. Our results confirm that
CMV is associated with diaphragmatic oxidative stress as indi-
cated by an increase in protein myofibrillar oxidation. The
increase in protein carbonyl levels parallels the increase in
20S proteasome activity, which specializes in degrading pro-
teins oxidized by reactive oxygen species [7,59]. Thus, oxi-
dized proteins may generate an increase in 20S proteasome
activity. Contrary to our hypothesis, we observed a similar oxi-
dation of myofibrillar protein with PSV. Thus, even if MV
causes oxidative stress, our findings support the hypothesis
that protein oxidation probably does not trigger the diaphrag-
matic proteolytic damage generated by CMV and its associ-
ated diaphragmatic dysfunction. Nevertheless, an
overproduction of free radicals may constitute the molecular
signal of CMV-increased proteolysis, either in mitochondria
(as suggested by an increase in manganese-superoxide dis-
mutase activity [9]) or via other metabolic pathways (such as
that involving xanthine oxidase [12]). There is also the possibil-
ity that other diaphragmatic regulating factors (such as apop-
tosis) might be involved [60].
Conclusion
We confirm that, within a few hours, CMV alters diaphragmatic
muscle protein metabolism. CMV first reduces protein synthe-
sis and then increases proteolysis. Compared with CMV, PSV
limits muscle wasting through a better protein balance despite
marked oxidative stress. If further study confirms our biochem-
ical findings with histological and electromyographical data,
PSV may be an alternative to CMV to limit muscle atrophy and
diaphragmatic dysfunction.
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